The new magnetic field setup for magnetic flow control around the reentry vehicle is investigated by CFD analyses. In order to use the electromagnet force to control the aerodynamic characteristics the magnetic field is applied locally to change the shape and the location of the bow shock. To investigate this idea, we performed a simplified CFD analyses. The numerical results suggest that the present magnetic field setup works well to control the shape and location of the bow shock that is important to control the aerodynamic characteristics of the reentry vehicle. 
Introduction
The electromagnetic flow control is one of the advanced technologies that can be applied for future reusable reentry vehicles. In this system, the source of the magnetic field, such as the strong magnet or the superconducting coil, is installed inside the reentry vehicle to create the magnetic field around the reentry vehicle. And the plasma flow created around the reentry vehicle by the strong shock wave can be controlled by the applied magnetic field through the induced electric current and the Lorentz force. Many researchers has investigated the efficiency and validity of this system numerically and experimentally [1] [2] [3] [4] [5] . In many researches, the axis of the applied magnetic field is parallel to the axis of the body of the vehicle and the created Lorentz force is used to enhance the drag force. But the aerodynamic drag force is already relatively large and, thus, the ef- ficiency of the enhanced Lorentz force is not so strong from the viewpoint of control of the aerodynamic characteristics. This means if we want to utilize the Lorentz force to control the aerodynamic force we should control the lift force to control the lift-to-drag ratio that is key parameter to control the reentry trajectory.
In this study we proposed a new magnetic field setup as shown in Fig. 1 . In this setup the magnetic field setup is prepared perpendicular to the flow vector to create the Lorentz force effectively. By this setup the location of the bow shock could be controlled efficiently because the pressure is not high in this region so that it is useful to control the shape and location of the bow shock. In this study we performed a preliminary numerical simulation to investigate the applicability of this magnetic field setup. 
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Governing Equations
The governing equations are based on Navier-Stokes equations including the source term related to the electromagnetic force and the Joule heating. The thermochemical nonequilibrium effects are considered using Park's two-temperature model and Park's chemical reaction model 6, 7) . In this numerical simulation, the electromagnetic effects are included as a source term 8) . The governing equation is expressed as follows;
where F are the flux vector including the viscous terms. And ρ s , V, E t , E V , ω s , S V are the density for each species, the velocity vector, the total energy, the vibrational-electronic energy, the source term related chemical reactions, and the source term related to the energy exchange mechanism between the translational and vibrational energies, respectively. Ohm's law is used to calculate the current density in the following manner,
where E, V, B are the electric field vector, the velocity vector, magnetic field vector, respectively. For simplicity, in the present study, the Hall effect is not included and the electric field E is assumed to be 0. The electronic conductivity, σ, is calculated self-consistently using the vibrational-electronic temperature, T V , and mass ratio of the chemical species calculated by present numerical analyses.
As for a numerical method, AUSMDV scheme 9) with an improved diagonal implicit method 10) is employed.
In the present study, the shape of the test model is assumed to be two dimensional blunt nose flat plate with the nose radius of 0.2 m. The magnetic field is applied locally on the windward side of the test body. Thus, the computational grid is prepared mainly around the windward region as shown in Fig. 2 . 
Results and Discussions
The calculation condition is summarized in Table 1 . The free stream density and temperature is similar to the data of the earth atmosphere at the altitude of 60 km. At the surface, the noncatalytic wall condition is applied and the surface temperature is set to be 250 [K] . The velocity is set to be 6000 [m/s]. This velocity can be achieved by the sounding rocket of ISAS. The angle-of-attack, α, is set to be 30 and 45 [deg.] that is helpful to create a relatively large lift-to-drag radio. Figure 3 and 4 show the distribution of pressure and the electric conductivity around the test model without applied magnetic field. The angle of attack is set to be 30 [deg.]. In Fig. 3 , we can observe that the high pressure region is created near the stagnation point and the pressure drops rapidly along the body surface. In Fig. 4 , we can observe that the high electric conductivity region is created just behind the shock wave and the maximum value is about 120 [S/m] and the conductivity also decreases along the body surface.
In the present study, the magnetic field is applied locally. Thus, the location of the applied magnetic field is key problem. The Lorentz force is defined as follows; From this relation we can understand that the Lorentz force will increase in proportion to σ |V|. In order to control the location and shape of the bow shock, the magnetic field should be applied in the region where the Lorentz force is large and the aerodynamic force such as pressure is small. Thus, the following parameter, Q e f f , will be a good indicator for selecting the location of the applied magnetic field.
Q e f f can be considered as the ratio between the Lorentz force and the aerodynamic force when the applied magnetic field is 1.0 [T]. Thus, we can expect that in the region where Q e f f is large, the Lorentz force is large and the aerodynamic force is small. This means that the magnetic field should be applied in the region where Q e f f is large. Figure 5 shows the distribution of Q e f f around the test body. From this figure, we can observe that Q e f f is very large just behind the bow shock near the stagnation region. This is due to the fact that the electric conductivity is very high in this region. But the region is far from the body surface. This means that it is difficult to apply the magnetic field in this region. On the other hand, near the conjunction point between the blunt nose and the flat plate Q e f f is relatively large because the pressure drops rapidly due to the expansion and the velocity and the electric conductivity are relatively large. Near the body surface due to the viscosity the velocity is not so large. This suggests that the magnetic field should be applied near the conjunction point and far from the body surface. Thus, in the present study the location of the applied magnetic field locally is set to be (x,y) = (0.0, -0.20). 
Effect of Angle-of-Attack
In this study, the magnetic field is applied in the direction perpendicular to the velocity vector (z-direction). The magnetic field strength is assumed to be constant inside the circle with the radius of 5 cm. Based on the distribution of Q e f f , the center of the circle is set to be (x,y) = (0.0, -0.20) Figure 6 shows the comparison of pressure distribution around the test model with and without applied magnetic field. The angle-of-attack is set to be 30 [deg.]. The black contours are the case without applied magnetic field. The blue and red contours are the cases with applied magnetic field of 0.5 [T] and 1.0 [T], respectively. The location of the applied magnetic field is also shown as a small blue circle in the same figure. In this figure, we can observe that the location of the bow shock can be changed by applied magnetic field. Additionally, as the magnetic field strength increases, the change of the location also increases. This suggests that this magnetic field setup is effective to control the location of the bow shock. Figure 7 shows the comparison of pressure distribution around the test model with and without applied magnetic field. The angle-of-attack is set to be 45 [deg.]. Even in this figure, the same trend as shown in Fig. 6 is observed. These results suggest that this magnetic field setup can control the location of the bow shock effectively regardless of the angle-of-attack.
Effect of location of the magnetic field
Next we changed the location of the center of the circle to (x,y) = (0.0, -0.25). The center is moved away from the body surface to avoid the low velocity region due to the surface viscosity of the body. Figures 8 and 9 show the comparison of pressure distribution around the test model with and without applied magnetic field. The angle-of-attack is set to be 30 and 45 [deg.], respectively. As you can see the location of the bow shock changes drastically compared to the results in Fig. 6 and 7. The first reason of this change will be the increase of the region where the magnetic field is active. The second reason is that the velocity in the region where the magnetic field is active is relatively large because the region is outside the boundary layer. This means that the Lorentz force works more effectively to control the location of the bow shock. This suggests that due to the two reasons shown above the magnetic field should be applied away from the body surface. Figure 10 and 11 show the pressure distribution along the body surface with and without applied magnetic field in the case of AoA of 30 [deg.] and 45 [deg.], respectively. From this result, we can observe that the pressure near the conjunction point increases by the applied magnetic field for all cases. This is due to the fact that the shape and the location of the bow shock is drastically affected by the present magnetic field setup and as a result the pressure distribution is affected. When the magnetic field is applied with the axis of the magnet parallel to the body axis the pressure distribution does not change significantly and only the reaction force of the integrated Lorentz force affects the aerodynamic characteristics. In the present case, both the change of the pressure distribution and the Lorentz force will affect the aerodynamic characteristics. This means that the present magnetic field setup will be efficient. Table 2 
Impact on the aerodynamic characteristics
The change of the drag and lift coefficients are calculated by the following relationship; (6) In the case of AoA of 30 deg., when the magnetic field is applied both the aerodynamic and magnetic drag coefficients, C D,a and C D,m , increase regardless of the location of the applied magnetic field. Especially when the magnetic field is applied at y = -0.25, the impact of the applied magnetic field is larger than that at y = -0.20. This suggests that the magnetic field should be applied away from the surface to control the flow field efficiently. As for the lift coefficients, the aerodynamic lift coefficient, C L,a , increases by the applied magnetic field but the magnetic lift coefficient, C L,m , is negative for all cases. Thus, for all cases the total lift coefficient, C L , does not change significantly by the applied magnetic field.
In the case of AoA of 45 deg., the change of both the aerodynamic and magnetic drag coefficients, C D,a and C D,m are relatively small compared to the result in the case of AoA of 30 deg. As for the lift coefficients, the aerodynamic lift coefficients do not change significantly but the magnetic lift coefficients are negative and relatively large. Thus, the total lift coefficients decrease by the applied magnetic field. Especially, when the magnetic field is applied at y = -0.25 the lift coefficient decrease by 28.8 %, which is similar to the results shown in the case of AoA of 30 deg.
From these results, we can conclude that Q e f f is useful indicator to choose the location of the applied magnetic field and in order to control the aerodynamic characteristics by the applied magnetic field the magnetic field should be applied in the region where Q e f f is large.
Conclusion
In this study, we investigated the new magnetic field setup for magnetic flow control around the reentry vehicle to control the aerodynamic characteristics by CFD analyses. In the present setup, the magnetic field is applied locally. Thus, the selection of the location of the applied magnetic field is very important. The location of the applied magnetic field is selected based on the distribution of the parameter, Q e f f . From the distribution of Q e f f , the magnetic field should be applied near the conjunction point between the blunt nose and the flat plate. The numerical results suggest that the parameter, Q e f f is useful and the present magnetic field setup works well to control the shape and location of the bow shock. The lift coefficient can be reduced by up to 28.8 % and the drag coefficient can be increased by up to 16.5 %. This means that the aerodynamic characteristics can be controlled efficiently by the present magnetic field. Additionally when the magnetic field is applied away from the body surface the efficiency of the magnetic flow control can be improved drastically.
